Acute lung injury syndromes remain common causes of morbidity and mortality in adults and children. Cellular and physiologic mechanisms maintaining pulmonary homeostasis during lung injury remain poorly understood. In the present study, the Stat-3 gene was selectively deleted in respiratory epithelial cells by conditional expression of Crerecombinase under control of the surfactant protein C gene promoter. Cell-selective deletion of Stat-3 in respiratory epithelial cells did not alter prenatal lung morphogenesis or postnatal lung function. However, exposure of adult Stat-3-deleted mice to 95% oxygen caused a more rapidly progressive lung injury associated with alveolar capillary leak and acute respiratory distress. Epithelial cell injury and inflammatory responses were increased in the Stat-3-deleted mice. Surfactant proteins and lipids were decreased or absent in alveolar lavage material. Intratracheal treatment with exogenous surfactant protein B improved survival and lung histology in Stat-3-deleted mice during hyperoxia. Expression of Stat-3 in respiratory epithelial cells is not required for lung formation, but plays a critical role in maintenance of surfactant homeostasis and lung function during oxygen injury.
Introduction
Signal transducers and activators of transcription (STATs) comprise a family of seven related polypeptides that participate in signaling pathways mediating a wide variety of cellular and organ responses to cytokines and growth factors. While specific STATs generally mediate signals provided by relatively specific receptors, STAT-3 participates in numerous pathways from a large number of diverse growth factors and cytokines. STAT-3 was initially identified as a nuclear factor mediating IL-6-dependent signaling involved in acute-phase responses in the liver. Subsequent studies demonstrated that STAT-3 mediates or participates in the signaling from many cytokines (e.g., IL-6, IL-11, IL-10, IL-2, leukemic inhibitory factor, ciliary neutrotropic factor, oncostatin M, and others), as well as growth factors (e.g., EGF, TGF-α, hepatocyte growth factor, leptin, G-CSF) in various cells and organs (reviewed in refs. [1] [2] [3] . STAT-3 is activated by phosphorylation by Janus kinases (JAKs). Phosphorylation mediates dimerization, nuclear translocation, and the subsequent activation of transcriptional targets. Deletion of the Stat-3 gene in transgenic mice demonstrated that it was essential for embryonic survival near the time of implantation (E6.5-7.5) (4). Therefore, its biological roles have been determined primarily in in vitro experiments and after conditional deletion in various cell types and organs. STAT-3 plays diverse roles in biological processes including cell migration, survival, proliferation, apoptosis, and inflammation. While deletion of Stat-3 caused early embryonic lethality and blocked survival of embryonic stem cells, tissue-specific deletion of the Stat-3 gene has not been lethal in various organs and cells, including skin, mammary glands, liver, thymic epithelium, lymphocytes, macrophages, and neurons (see ref. 5 
for review).
STAT-3 is expressed in various cell types in the developing and postnatal lung. While its potential role in lung morphogenesis or function is presently unknown, in vitro studies demonstrated that STAT-3 regulated the expression of surfactant protein B (SP-B), binding and activating cis-active elements in the SftpB gene promoter (6) . Its potential role in the regulation of surfactant homeostasis in respiratory epithelial cells in vivo has not been evaluated, however.
Acute lung injury syndromes remain common causes of morbidity and mortality in adults and children. Cellular and physiologic mechanisms maintaining pulmonary homeostasis during lung injury remain poorly understood. In the present study, the Stat-3 gene was selectively deleted in respiratory epithelial cells by conditional expression of Cre-recombinase under control of the surfactant protein C gene promoter. Cell-selective deletion of Stat-3 in respiratory epithelial cells did not alter prenatal lung morphogenesis or postnatal lung function. However, exposure of adult Stat-3-deleted mice to 95% oxygen caused a more rapidly progressive lung injury associated with alveolar capillary leak and acute respiratory distress. Epithelial cell injury and inflammatory responses were increased in the Stat-3-deleted mice. Surfactant proteins and lipids were decreased or absent in alveolar lavage material. Intratracheal treatment with exogenous surfactant protein B improved survival and lung histology in Stat-3-deleted mice during hyperoxia. Expression of Stat-3 in respiratory epithelial cells is not required for lung formation, but plays a critical role in maintenance of surfactant homeostasis and lung function during oxygen injury.
Acute lung injury (ALI) and acute respiratory distress syndrome (ARDS) remain a common cause of morbidity and mortality in both infants and adults following infection, trauma, inhalation of toxicants, and drowning. The recent severe acute respiratory syndrome (SARS) outbreak emphasizes the severity of pulmonary outcomes associated with ALI (7). ARDS is associated with surfactant deficiency and dysfunction (8, 9) , including abnormalities in surfactant lipids and proteins. Of the surfactant proteins, SP-B is required for maintenance of lung function in both newborn and postnatal periods (10, 11) and for adaptation to lung injury following infection or oxygen exposure. To assess the role of STAT-3 in lung function, we used a conditional system to express Cre-recombinase to selectively delete the Stat-3 gene in bronchiolar and alveolar epithelial cells of the mouse lung.
Quantitative RT-PCR for STAT-3 and β-actin mRNAs was performed using Smart Cycler (Cepheid, Sunnyvale, California, USA). Primers 5′-GAA GAC CAA GTT CAT CTG  TGTG-3′ (specific for exon 21) and 5′-GTA GCA CAC TCC  GAG GTC AGAT-3′ for STAT-3 and 5′-TGG AAT CCT GTG  GCA TCC ATG AAC-3′ and 5′-TAA AAC GCA GCT CAG TAA  CAG TCCG-3′ for β-actin were used.
Tissue preparation, histology, and immunohistochemistry. Mice were killed by an injection of pentobarbital. Lungs were inflation fixed with 4% paraformaldehyde in PBS at 25 cmH 2 O and immersed in the same fixative. Tissue was fixed overnight, washed with PBS, dehydrated in the series of alcohols, and embedded in paraffin. Tissue sections were stained with H&E for histology. Immunohistochemistry for STAT-3 was performed on tissue sections using a microwave antigen-retrieval technique (16) . Sections were pretreated with 3% H 2 O 2 in methanol for inactivation of endogenous peroxidase, then placed in 4% normal goat serum or Background Buster (Innovex Bioscience, Richmond, California, USA) for 2 hours before incubation with rabbit polyclonal primary antisera for STAT-3 (1:2,000; Santa Cruz Biotechnology, California, USA) in 4% normal goat serum overnight at 4°C. After rinsing, tissue sections were incubated with biotinylated anti-rabbit IgG goat Ab (7.5 µg/ml; Vector Laboratories Inc., Burlingame, California, USA) for 30 minutes and detected with avidin-biotin complex detection kit (Vecstatin Elite ABC kit; Vector Laboratories Inc.) developed with diaminobenzidine. Specimens were counterstained with 0.1% of nuclear fast red. Immunohistochemistry for SP-B and SP-C pro-protein (proSP-C) was performed as previously described using rabbit polyclonal Ab's (17) . Caspase-3 (Biocare Medical, Walnut Creek, California, USA), TUNEL (Trevigen Inc., Gaithersburg, Maryland, USA), and keratin-18 fragment (Roche Molecular Biochemicals, Mannheim, Germany) Ab's were used to assess apoptosis.
Morphometric analysis. Severity of lung injury was assessed using a scoring system that included assessment of alveolar capillary membranes, bronchiolar injury, inflammation, and remodeling. Lung sections from multiple lobes of Stat-3 ∆/∆ and control mice (n = 6 per group) were assessed after 65 hours in 95% oxygen by a blinded reviewer. Nonparametric analysis of the median score for each characteristic was used to determine significant differences.
RNA extraction and S1 nuclease assay of SP-A, SP-B, and SP-C mRNA. Lung tissues were excised and homogenated with TRIzol reagent (Invitrogen Corp.). RNA was measured by spectrophotometer. S1 nuclease assays for SP-A, SP-B, SP-C, and L32 were performed as previously described (18) and quantified using ImageQuant analysis software.
Hyperoxia and pulmonary mechanics. Stat-3 ∆/∆ and littermate control mice (n = 5 per group) were exposed either to 95% O 2 or to room air for 65 hours, the timing based on previous observations regarding the duration of oxygen exposure inducing respiratory distress in 95% oxygen (19) . Lung mechanics were studied in tracheostomized mice under anesthesia by intraperitoneal injection of 0.1 ml/10 g body weight of a mixture containing 40 mg/ml ketamine and 2 mg/ml xylazine. Mice were ventilated with a tidal volume of 8 ml/kg at a rate of 450 breaths/min and a positive end-expiratory pressure of 2 cmH 2 O by a computerized FlexiVent system (SCIREQ Scientific Respiratory Equipment, Montreal, Quebec, Canada) (20) . This machine allows accurate measurement of volume by using the position of the ventilator piston and pressure in the cylinder. After mechanical ventilation for 2 minutes, two measurement maneuvers were performed, as follows. For the first maneuver, a sinusoidal 1 Hz oscillation was applied to the tracheal tube. The single compartment model was fit to these data using multiple linear regression in order to calculate dynamic resistance, elastance, and compliance of the respiratory system (airway). For the second maneuver, an 8-second forced oscillatory signal containing frequencies between 0.5 and 19.6 Hz was applied to the tracheal tube. The mechanical input impedance of the respiratory system was calculated, and a model containing a constant phase tissue compartment (21) was fit to input impedance in order to evaluate tissue damping, tissue elastance, tissue hysteresivity, and newtonian resistance.
Tissue analysis. Mice were given pentobarbital sodium (100 mg/kg intraperitoneally) and killed by exsanguination. Five 1-ml aliquots of 0.9% NaCl were flushed into the lungs, withdrawn by syringe three times for each aliquot, and pooled. Total volume of bronchoalveolar lavage fluid (BALF) was recorded, which was similar to 4.43 ± 0.05 ml (n = 10). The lavaged lung tissue was removed and homogenized in 2 ml of 0.9% NaCl. Total protein in aliquots of BALF from each mouse was measured by the method of Lowry et al. (22) , and protein in whole BALF was calculated as milligrams per kilogram of body weight. Aliquots of BALF were extracted with chloroform/methanol (2:1), and saturated phosphatidylcholine (SatPC) was isolated with osmium tetroxide (23) followed by measurement of phosphorus (24) .
The content of SP-A, SP-B, SP-C, and SP-D in BALF was determined by Western blot analysis. Samples containing 1.25 nmol of SatPC were used for SP-A and SP-D, 0.22 nmol of SatPC was used for analysis of SP-B, and 0.65 nmol of SatPC was used for SP-C. Separation was carried out under nonreducing conditions for SP-B and SP-C and under reducing conditions for SP-A and SP-B. The following dilutions of antisera were used: 1:5,000 for guinea pig anti-rat SP-A, 1:15,000 for rabbit anti-bovine SP-B, 1:10,000 for rabbit anti-recombinant human proSP-C, and 1:5,000 for rabbit anti-rat SP-D (Chemicon International, Temecula, California, USA). Appropriate peroxidase-conjugated secondary Ab's were used at 1:10,000 dilution. Immunoreactive bands were detected with ECL reagents (Amersham Health, Chicago, Illinois, USA). Protein bands were quantitated by densitometric analyses with Alpha Imager 2000 documentation and ImageQuant analyses software. Lung homogenates were centrifuged at 1,500 g, and the supernatants were stored at -20°C. IL-1β, IL-6, and macrophage inflammatory protein-2 (MIP-2) were quantitated in supernatants using quantitative murine sandwich ELISA kits (R&D Systems Inc., Minneapolis, Minnesota, USA).
Treatment of Stat-3 ∆/∆ mice with SP-B during hyperoxia exposure. SP-B was isolated and purified from chloroform/methanol extracts of BALF from a patient with pulmonary alveolar proteinosis using Sephadex LH 60 column as previously described (19) (gift from Timothy E. Weaver, Cincinnati Children's Hospital Medical Center, Cincinnati, Ohio, USA). Purified human SP-B was added to the DL-α dipalmitoyl phosphatidylcholine/1-palmitoyl-2-oleoyl-sn-glycero-3-[phosphorac-(1-glycerol)] (DPPC/POPG), 7:3 by weight (Avanti Polar Lipids Inc., Alabaster, Alabama, USA), to a final concentration of 4% by weight. The lipid mixture, without SP-B, was given to the comparison group. The lipid mixtures, with and without SP-B, were dissolved in chloroform, dried with N 2 , and resuspended in sterile 0.9% NaCl by sonication. Stat-3 ∆/∆ mice (7 weeks of age) were exposed to 95% O 2 and treated intratracheally with the surfactant mixture 16 and 40 hours after being placed in hyperoxia. Stat-3 ∆/∆ mice were anesthetized by isoflurane inhalation with 95% O 2 and orally intubated with a 24-gauge animal feeding needle, receiving 80 µl of 50 mg phospholipids/kilogram of
Figure 3
Kaplan-Meier plot of survival of Stat-3 ∆/∆ and control mice during hyperoxia. Adult Stat-3 ∆/∆ mice and littermates were exposed to 95% O 2 . Survival of Stat-3 ∆/∆ mice in hyperoxia (n = 13) was significantly decreased compared with littermate, nondeleted controls (n = 14). P < 0.001 by log-rank test.
Figure 4
Lung morphology after exposure to 95% FiO 2 . Adult (8-10 weeks of age) Stat-3 ∆/∆ mice and nondeleted littermates were exposed to 95% FiO 2 for 65 hours. Minor histologic changes (perivascular edema) in lung histology were observed in control mice after oxygen exposure (a-c). Severe epithelial cell necrosis (arrows), thickened alveoli, lymphotic edema (open arrow), and extensive inflammation were observed in the Stat-3 ∆/∆ mice (d-f). Airspace enlargement was observed in some Stat-3 ∆/∆ mice (g-i). Photomicrographs are representative of n = 7 in each group. Scale bar: 100 µm.
body weight of SP-B/DPPC/POPG or DPPC/POPG, and returned to 95% oxygen chamber.
Body weight. Body weights were similar for all groups with a mean of 24.9 ± 1.2 g for control (double-transgenic littermates) and 25.3 ± 1.1 g (n = 6 per group) for Stat-3 ∆/∆ mice. Body weight losses were similar in all groups after 65 hours of exposure to hyperoxia (16.7% ± 2.4% versus 15.8% ± 0.7% in control and Stat-3 ∆/∆ , respectively). Results were normalized to body weight by using body weight before oxygen exposure, since body weight correlates well with lung size (25) .
Statistical analysis. Two group comparisons were carried out by unpaired Student's t tests. Comparisons among groups were by ANOVA with Tukey's tests used for post hoc analyses. Z-test and log-rank test were used for percentage of survival comparison between groups. Results were expressed as mean plus or minus SE. Significance was accepted at the 5% level.
Results
Cell-specific deletion of Stat-3 in the respiratory epithelium. SP-C-rtTA tg/-/(tetO) 7 CMV-Cre tg/tg /Stat-3 flx/flx were generated to produce Stat-3 ∆/∆ mice in which Stat-3 is permanently deleted from intrapulmonary respiratory epithelial cells after administration of doxycycline to the dam (Figure 1 ). In this system, nearly complete gene recombination occurs in lung epithelial progenitor cells before E10.5 (13) . The resulting mutation in the Stat-3 locus deletes exons 20-22 (14), producing Stat-3 ∆/∆ mice (Figure 1a) . To document the deletion of STAT-3, type II alveolar epithelial cells were isolated from adult Stat-3 ∆/∆ and control mice, and STAT-3 mRNA was assessed. Viability and purity of type II cells were not altered. STAT-3 mRNA was markedly decreased in cells from the Stat-3 ∆/∆ mice (Figure 1b) to less than 10% of that in control cells. In wild-type, single, and double-transgenic littermates, immunohistochemical staining for STAT-3 was detected primarily in epithelial cells in both conducting airways and in type II cells in the alveoli, but was also detected in alveolar macrophages and other pulmonary cells. Virtually complete loss of nuclear STAT-3 staining was observed in intrapulmonary respiratory epithelial cells at E18.5 and in the adult Stat-3 ∆/∆ mice ( Figure 2 ). As expected from the specificity of the SP-C promoter, STAT-3 staining in alveolar macrophages and nonepithelial cells, including those of the lung vasculature and stroma, was unaltered ( Figure  2h ). Deletion of Stat-3 did not alter lung size, morphology, or survival at E18.5 or after birth. Stat-3 ∆/∆ mice have had normal longevity in the vivarium. Thus, no apparent abnormalities in lung structure or function were observed following deletion of Stat-3 in respiratory epithelial cells.
Stat-3 ∆/∆ Mice are susceptible to oxygen-induced injury. Adult Stat-3 ∆/∆ mice and littermates were placed in 95% O 2 . Initial studies indicated that Stat-3 ∆/∆ mice were more susceptible to hyperoxia as indicated by the time of onset of respiratory symptoms. Survival of Stat-3 ∆/∆ mice in hyperoxia was significantly decreased (Figure 3) . Consistent with this observation, the histopathology was consistent with increased severity of lung injury in the Stat-3 ∆/∆ mice during hyperoxia (Table 1, Figure 4 ). Exposure to 95% O 2 for 65 hours caused mild congestion, severe protein leak, perivascular edema, and inflammation in Stat-3 flx/flx control mice (Figure 4, a-c) . Cellular necrosis and hyaline membranes were observed in the epithelium lining bronchiolar and alveolar regions of the lung. Hemorrhage, perivascular, and lymphatic edema, and loss of bronchi- A For each feature, every lobe was scored from 0 to 5, with 0 being normal or no histopathology, and 5 being the most severely affected. B n = 6 mice from each group; n = 16 lobes for control mice; n = 26 lobes for Stat-3 ∆/∆ mice. C The median score was determined for each feature, and the Mann-Whitney rank sums test was performed to determine significant differences. olar and alveolar epithelia, were detected after oxygen exposure of Stat-3 ∆/∆ mice, indicating severe lung injury ( Figure 4 , d-i). Epithelial and vascular cell necrosis, increased numbers of inflammatory cells, and accumulation of extracellular debris and protein were frequently observed in the Stat-3 ∆/∆ mice after exposure to oxygen. STAT-3 immunohistochemistry was performed after exposure to 95% O 2 , demonstrating intense nuclear staining of inflammatory cells in both control and Stat-3 ∆/∆ mice. STAT-3 immunostaining was not detected in most epithelial cells in peripheral airways or in the alveoli of Stat-3 ∆/∆ mice ( Figure 5 ), but was maintained in nonepithelial cells, including alveolar macrophages and pulmonary vascular-stromal cells. Alveolar capillary leak and pulmonary dysfunction in Stat-3 ∆/∆ mice. Protein content of lung lavage fluid was significantly increased and alveolar surfactant phospholipid (saturated phosphatidylcholine) pool sizes were significantly decreased, consistent with the increased alveolar capillary leak and decreased pulmonary surfactant pool size ( Figure 6, a and b) . While pulmonary mechanics were unaltered in Stat-3 ∆/∆ mice under normoxic conditions, exposure to 95% O 2 for 65 hours resulted in a marked decline in pulmonary function. Lung compliance was decreased in association with a marked increase in airway resistance, tissue damping, and elastance, consistent with severe surfactant dysfunction and tissue edema in Stat-3 ∆/∆ mice ( Figure 7) . No differences were detected in hysteresivity and newtonian resistance.
Surfactant protein deficiency in Stat-3 ∆/∆ mice. SP-B was undetectable in alveolar lavage of Stat-3 ∆/∆ mice after 65 hours of oxygen exposure (Figure 8 ). Likewise, SP-A was significantly decreased in Stat-3 ∆/∆ mice after hyperoxia. Immunostaining demonstrated a marked reduction in SP-B in both bronchiolar and alveolar epithelial cells in the oxygen-treated Stat-3 ∆/∆ mice (Figure 9 ). Staining for proSP-C, a selective marker for type II cells, was present, but was also decreased (Figure 8 ). Consistent with these observations, surfactant protein mRNAs (SP-A, SP-B, and SP-C) were decreased after oxygen exposure, and the level of SP-B mRNA was significantly reduced in Stat-3 ∆/∆ compared with control after 65 hours of 95% O 2 (Figure 8b ). Since reduction of alveolar SP-B to less than 50% of normal renders mice susceptible to respiratory failure during hyperoxia, we considered whether the loss of SP-B may influence susceptibility of the Stat-3 ∆/∆ mice to oxygen.
Exogenous SP-B protects Stat-3 ∆/∆ mice during hyperoxia. Stat-3 ∆/∆ mice were treated intratracheally with a synthetic exogenous surfactant containing 4% human SP-B and lipids or lipids alone (n = 8 per group) 16 and 40 hours after initiation of 95% oxygen. The experiment was not continued after 5 days in hyperoxia because all surviving mice had developed severe respiratory distress. Treatment of the Stat-3 ∆/∆ mice with SP-B/DPPC/POPG mixture significantly improved survival and lung histology 4 days after exposure to oxygen (Figure 10 ). 
Figure 7
Abnormalities in pulmonary mechanics in Stat-3 ∆/∆ mice following hyperoxia. Lung mechanics were assessed in adult control and Stat-3 ∆/∆ mice exposed to room air or 95% O 2 for 65 hours. Lung mechanics were similar in control and Stat-3 ∆/∆ mice in room air. After exposure to 95% O 2 , airway resistance, airway elastance, tissue damping, and tissue elastance were increased and compliance decreased significantly in Stat-3 ∆/∆ but not in control mice. n = 5 per group. Statistical differences were analyzed by ANOVA. *P < 0.01 versus control group.
Inflammation and cellular injury in Stat-3 ∆/∆ mice after oxygen exposure. Epithelial sloughing, hyaline membrane formation, loss of alveolar capillary membrane integrity, and increased inflammation were consistent with severe epithelial cell injury in the Stat-3 ∆/∆ mice. Increased infiltration by polymorphonuclear cells and alveolar macrophages was observed in association with an increased production of IL-1β, IL-6, and MIP-2 in the Stat-3 ∆/∆ mice following hyperoxia (Figure 11 ). While histologic evaluation demonstrated severe epithelial and vascular cell necrosis, no DNA laddering was observed. Caspase-3, keratin-18 fragments, and TUNEL staining identified only rare positive cells, usually found in isolated clusters in conducting airways (data not shown). Thus, widespread epithelial cell necrosis was readily apparent after oxygen exposure of Stat-3 ∆/∆ mice without evidence of apoptosis.
Discussion
While respiratory epithelial cell-specific deletion of Stat-3 did not alter lung morphogenesis or function, STAT-3 was required for maintenance of alveolar capillary integrity, surfactant homeostasis, and normal pulmonary mechanics during oxygen-induced lung injury. In the absence of STAT-3, hyperoxia caused ALI with epithelial and vascular injury, leading to respiratory compromise. Loss of SP-B and surfactant lipids and increased alveolar capillary leak were associated with deterioration of pulmonary mechanics. Intratracheal SP-B significantly improved lung histology and survival of Stat-3 ∆/∆ mice during hyperoxia.
Conditional targeting of STAT-3 in the lung. STAT-3 is widely expressed in the developing embryo, and its 3 and 4) . After exposure to 95% O 2 for 65 hours, SP-A and SP-B were significantly decreased in the Stat-3 ∆/∆ mice (lanes 7-9), P < 0.01, after quantitative imaging. (b) SP-A, SP-B, and SP-C mRNAs were quantitated by S1 nuclease assay. In room air, SP-A, SP-B, and SP-C mRNAs were similar in Stat-3 ∆/∆ and control mice. After exposure to 95% O 2 for 65 hours, SP-A, SP-B, and SP-C mRNAs were decreased in Stat-3 ∆/∆ compared with control mice. Results were standardized to L32 mRNA and normalized to room air controls, n = 5 per group. Statistical differences were assessed by Student's t test, *P < 0.01 versus control O 2 .
Figure 9
Decreased immunostaining for SP-B and proSP-C in Stat-3 ∆/∆ mice after exposure to 95% FiO 2 . Staining for SP-B (a-d) and proSP-C (e-h) was performed in Stat-3 ∆/∆ and control littermates exposed to room air or 95% O 2 . In room air there were no differences in intensity or distribution of SP-B and proSP-C staining between Stat-3 ∆/∆ and control mice. After 65 hours in 95% oxygen, SP-B and proSP-C staining were decreased in Stat-3 ∆/∆ (d and h) compared with controls (b and f). Scale bar: 100 µm. Photomicrographs are representative of n ≥ 3.
deletion is lethal by E6-7 in mice, well before the formation of the respiratory tract. The lung buds are formed at approximately E9-9.5 from cells at the lateral tracheal-esophageal sulcus in the foregut endoderm. In the present studies, exposure of the fetus to doxycycline-induced expression of Cre-recombinase in pulmonary progenitor cells prior to lung bud formation results in extensive recombination of intrapulmonary respiratory epithelial cells and their daughter cells, causing nearly complete deletion of STAT-3 in bronchiolar and alveolar epithelial cells within the lung (13) . Decreased immunostaining for STAT-3 was observed in epithelial cells in the lungs of the Stat-3 ∆/∆ mice. The specificity and extent of deletion was further confirmed by the marked decrease in STAT-3 mRNA in isolated type II cells from the Stat-3 ∆/∆ mice. In this system, gene targeting occurs in progenitor cells that contribute to virtually all epithelial cell types in the peripheral lung except neuroepithelial cells (13) . As expected from the specificity of the SP-C promoter, Stat-3 gene expression was deleted in pulmonary epithelial cells but not in alveolar macrophages, vascular cells, or other pulmonary cells. Remarkably, loss of STAT-3 did not perturb lung morphogenesis or surfactant homeostasis after birth. Thus, STAT-3 is not required for lung formation or function in the absence of injury. These findings are consistent with those in which the cytokeratin K5-Cre transgenic mice were used to delete STAT-3 in epithelial cells of the skin (26) . In those studies, neonatal skin formation and proliferation were not perturbed; however, hair follicle maturation and wound healing was markedly impaired in the STAT-3-deficient mice.
STAT-3 is required for maintenance of lung function during hyperoxia. Continued exposure to hyperoxia causes progressive lung injury with alveolar capillary leak and respiratory failure (27, 28) . The time course and pathogenesis of lung injury following oxygen exposure in the mouse are well characterized. Consistent with previous findings, Stat-3 flx/flx control mice generally tolerated 95% oxygen for 3-4 days, developing severe respiratory symptoms after 5 or more days of continued exposure (28) . In contrast, Stat-3 ∆/∆ mice developed acute respiratory distress within 72 hours of hyperoxia. The changes in lung structure, lung permeability, and surfactant content in Stat-3 ∆/∆ mice caused by hyperoxia were associated with abnormalities in lung mechanics. Epithelial cell necrosis was extensive in the bronchiolar epithelium of the Stat-3 ∆/∆ mice after oxygen exposure, a finding commonly seen in respiratory distress syndromes (RDSs) in preterm infants and in ARDS in adults. The observed epithe- 
Figure 11
Increased IL-1β, IL-6, and MIP-2 in Stat-3 ∆/∆ mice after 95% O 2 . IL-1β, IL-6, and MIP-2 were measured in lung tissue from control and Stat-3 ∆/∆ mice exposed to room air or 95% O 2 for 65 hours. Levels of each cytokine were significantly increased in the Stat-3 ∆/∆ mice after hyperoxia, n = 5 per group, as determined by ANOVA; *P < 0.001 versus others.
lial cell injury in both bronchiolar and alveolar regions of the lung is consistent with the sites of gene targeting in this transgenic model.
In the present study, SP-B mRNA and SP-B content was markedly reduced after exposure of the Stat-3 ∆/∆ mice to 95% oxygen. Gene targeting or mutations of SftpB, but not SftpA and SftpC, cause lethal respiratory failure at birth, demonstrating an absolute requirement for SP-B for lung function in the postnatal period (10, 29, 30) . Even heterozygous SftpB -/-mice, in which SP-B mRNA and protein are reduced 50%, were susceptible to oxygen-induced lung injury in vivo (31) , and increased expression of SP-B following oxygen exposure is required for maintenance of lung function (19) . Taken together with the findings that intratracheal SP-B enhanced survival and improved lung histology, the susceptibility of the Stat-3 ∆/∆ mice to hyperoxia is, at least in part, mediated by its effect on maintenance of SP-B. The severity of lung injury and loss of bronchiolar and alveolar cell integrity seen in the Stat-3 ∆/∆ mice is not seen in SP-B-deficient mice (31, 32) , suggesting that STAT-3 is likely to mediate protective or repair responses independently of the loss of SP-B. The present findings are consistent with previous in vitro observations that STAT-3 directly activates SftpB gene transcription (6) , but also demonstrate that STAT-3 is not required for SP-B production and surfactant function under normal physiologic conditions. STAT-3 is activated by a number of cytokines of the IL-6 family of cytokines (including IL-6, IL-11, leukemia inhibitory factor, and others) and non-IL-6 cytokines (IL-2, IL-5, IL-7, IL-10, IFN-α, and IFN-γ). Growth factors including HGF, EGF, TGF-α, human epidermal growth factor receptor-2 (HER2/neu), PDGF, G-CSF, and leptin are also known to activate STAT-3 in various cell types (33; see ref. 5 for review). In the present study, increased inflammation was associated with increased production of the inflammatory mediators IL-6, IL-1β, and MIP-2, perhaps indicating increased lung injury or a response related to the lack of STAT-3. Previous studies support cytoprotective effects of several of these ligands during lung injury. Of particular relevance to the present work, transgenic mice expressing increased amounts of TGF-α, IL-11, or IL-6 were found to be resistant to oxidant-induced lung injury (34) (35) (36) . In in vitro studies, IL-6 and IL-11 protected endothelial cells from oxidant injury, and this protection is, at least in part, by a STAT-3-dependent pathway (37) . In the present study, it is unclear which of the potential ligand and receptor pathways mediated STAT-3 functions are required for adaptation and survival of oxygen injury. Cell proliferation was difficult to assess in Stat-3 ∆/∆ mice during hyperoxia. BrdU or proliferating cell nuclear antigen-stained cells were relatively rare, and the mice did not survive. Since Stat-3 ∆/∆ mice developed respiratory failure after relatively short periods of hyperoxia, the potential role of STAT-3 in the repair process could not be readily assessed in the present model. While widespread cellular injury was observed in the Stat-3 ∆/∆ mice during hyperoxia, neither DNA laddering, TUNEL, nor caspase-3 staining indicated that apoptosis played a primary role in their susceptibility to oxygen injury.
Clinically, RDSs in preterm infants and adults is caused by or associated with surfactant deficiency. Replacement of pulmonary surfactant at birth in preterm infants with RDSs is associated with protection of the lung epithelium and maintenance of lung function. Surfactant dysfunction and the loss of SP-B has been observed in association with ARDS in humans (8, 38) , although many factors, including vascular-endothelial cell injury and inflammation, may contribute to the pathogenesis of respiratory failure. Oxygen and ventilation therapy, required for maintenance of lung function in critically ill patients, may further contribute to epithelial and vascular cell injury. Since alveolar SP-B was markedly decreased or absent in the Stat-3 ∆/∆ mice after oxygen injury, the loss of SP-B alone is sufficient to explain the observed respiratory failure in these mice. Consistent with this concept, conditional reduction of SP-B to 20-30% of control levels in transgenic mice causes respiratory distress and death in adult mice, but does not cause the widespread cellular injury presently seen in the Stat-3 ∆/∆ mice during hyperoxia. Likewise, loss of SP-B related to mutations in the SftpB gene caused surfactant abnormalities and respiratory failure at birth but did not directly cause epithelial cell necrosis (9, 10) . Exogenous SP-B enhanced lung function and survival of the Stat-3 ∆/∆ mice in hyperoxia, delaying but not blocking respiratory failure in this model.
The present study demonstrates a critical requirement for STAT-3 in respiratory epithelial cells during exposure to 95% oxygen. The rapid onset of respiratory dysfunction and increased severity of epithelial cell injury and alveolar capillary leak provides support for the concept that STAT-3 influences expression of surfactant proteins, as well as other processes required for maintenance of lung function during hyperoxia. From a clinical perspective, activation of pathways maintaining or increasing Stat-3 and surfactant protein B expression in respiratory epithelial cells may provide a strategy for protection of the lung during acute or chronic injury associated with ALI syndromes.
